Abstract. Actin-related protein 2/3 complex subunit 4 (ARPC4) acts as an actin nucleator in actin cytoskeleton branching and contributes to cell migration. ARPC4 has previously been demonstrated to be abnormally expressed in various colorectal carcinoma cell lines, particularly SW620 cells. The present study explored the biological action and the possible mechanisms underlying the function of ARPC4 in the progression of carcinoma. The proliferation and migration of SW620 cells transfected with ARPC4-specific short interfering (si)RNAs were assessed using western blot, cell counting, flow cytometry and transwell assays. SW620 cells exhibited the highest ARPC4 expression of the cell lines investigated, and siRNA538 was the most effective of the siRNAs considered. The results of the present study demonstrated that ARPC4-silencing exhibited a significant effect on the capacity of cells for migration, but did not affect their proliferative ability. ARPC4-silencing inhibited human SW620 cell migration, but not proliferation, in vitro, suggesting that ARPC4 may be a putative therapeutic target for colorectal carcinoma.
Introduction
Colorectal cancer is a major cause for morbidity and mortality and one of the most common malignant tumours of the digestive system (~9.7% of cases), thus posing a serious threat to human physical and mental health (1) . The most hazardous characteristics of colorectal cancer are invasion and metastasis. Although basic and clinical cancer research has made notable progress in recent years, the survival rate for the majority of patients with cancer has not significantly improved, with metastasis and relapse following treatment being the cause for >90% of cancer-associated mortality (2) . The current clinical treatment for tumour metastasis exhibits numerous adverse effects, and there is a lack of systematic and comprehensive knowledge regarding the biological mechanisms underlying tumour metastasis. Therefore, prediction, early diagnosis and effective interventions to prevent tumour metastasis to distal tissues or organs are limited. In order to improve the effects of therapeutics on malignant tumours, the molecular mechanisms underlying tumour invasion and metastasis should be investigated (3) (4) (5) .
Previously, research into metastasis focused on the actin cytoskeleton and increases in actin-related protein (ARP) expression during metastasis. The ARP2/3 complex is an actin-assembly nucleating agent that promotes the nucleation of microfilaments and serves a significant function in a number of physiological activities, including cell migration (6, 7) . Cell migration is essential to normal biological processes, such as tissue repair and regeneration; however, abnormally activated cell movement is associated with various diseases and may eventually lead to the development of fatal metastatic tumours. Indeed, metastatic capacity is considered a cancer cell marker (8) (9) (10) .
A previous study demonstrated that ARP subunits are abnormally expressed in tumours, and immunohistochemical experiments indicated that abnormally increased levels of ARPC4 were present in colorectal cancer tissues (1) . Investigating the association between ARPC4 and tumours may, therefore, provide valuable insights for the development of strategies for early cancer diagnosis and gene therapy. Molecular and cell biology studies previously demonstrated abnormally increased ARPC4 expression levels in various colorectal cancer cell lines; however, the association between the ARPC4 gene and the occurrence and development of colorectal cancer has not yet been fully elucidated. In the present study, further explorative research was conducted to identify novel targets for colorectal cancer gene therapy. Immunohistochemical analysis. Detection of ARPC4 protein levels was performed as follows: A paraffin section of the tumour sample 6-8-µm thick was dewaxed with xylene I and II for 5 min at room temperature, then incubated with descending ethanol series (100, 95, 90, 80 and 70%) for 3-5 min. Slices were rinsed twice with distilled water and then use PBS to rinse two to three times with PBS. H 2 O 2 solution (3%) was used to block the endogenous peroxidase activity for 10 min at room temperature, followed by high-pressure antigen repair. It was sealed using 10% goat serum (cat no. ab7481; Abcam, Cambridge, UK) and the primary monoclonal rabbit anti-ARPC4 antibody (dilution, 1:100; cat no. ab217065; Abcam) was added, then incubated at 4˚C overnight and washed three times with PBS. The biotin-labelled mouse anti-rabbit IgG secondary antibody (dilution, 1:100; cat no. ab6728; Abcam) was added and incubated for 30 min at room temperature, then washed three times with PBS, developed using DAB (93 µl ddH 2 O + 3 µl 0.05% DAB1 solution + 2 µl 0.05% DAB2 solution + 2 µl 0.05% DAB3 solution) and re-dyed using 2% haematoxylin at 4˚C for 10 min. It was then sealed by neutral gum and imaged under a microscope (BX-42; Olympus Corporation, Tokyo, Japan).
Materials and methods
Using light microscopy at magnification, x400, cells from 3 fields of view were analysed and the average number of positive cells was noted. According to the following scoring standard, the number of positive stained cells was calculated and divided into the ARPC4 low-expression group (<10% positive cells) or the ARPC4 high-expression group (>10% positive cells). This was calculated by the following formula: Number of positively stained cells/total number of cells x 100.
Cell culture conditions and reagents. The human colorectal cancer SW620, HT-29, HCT116 and SW480 cell lines were obtained from the Institute of Biochemistry and Cell Biology (Shanghai, China) and maintained by the laboratory within the Medical Biology Department, Sichuan University (Chengdu, China). SW620, HT-29, HCT116 and SW480 cell lines were cultured with high-glucose Dulbecco's modified Eagle's medium (DMEM; HyClone; GE Healthcare Life Sciences, Logan, UT, USA ) containing 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) and penicillin-streptomycin (10,000 U/ml; 1:100; Gibco; Thermo Fisher Scientific, Inc.) in a Heracell™ VIOS 160i CO 2 incubator (Thermo Fisher Scientific, Inc.), and were maintained in a 5% CO 2 atmosphere at 37˚C. all the cells were replaced with new medium every 2 days and passaged when the confluence reached ~90% by using 0.25% trypsin (Gibco; Thermo Fisher Scientific, Inc.).
Cell culture conditions and reagents. SW620 cells were maintained at 37˚C in an atmosphere containing 5% CO 2 Western blot assay. HT-29, HCT-116, SW480, SW620, SW-1116 or transfected and null SW620 colorectal cancer cells were harvested 48 h following transfection, during the logarithmic growth phase, and total cellular protein was extracted. All cells were washed three times with PBS, centrifuged at 1,000 x g for 5 min at room temperature, and re-suspended in radioimmunoprecipitation assay lysis (Beijing Solarbio Science & Technology, Beijing China) and extraction buffer containing 1 mM phenylmethylsulfonyl fluoride protease inhibitor (Beijing Solarbio Science & Technology) on ice for 30 min to ensure completely lysis. A total volume of 5 ml 5X loading buffer [(250 mM Tris-HCL (pH 6.8), 10% (w/v) SDS, 0.5% (w/v) BPB, 50% (v/v) glycerin and 5% (w/v) β-mercaptoethanol)] was added and boiled at 100˚C for 5-10 min. then centrifuged at 12,000 x g for 15 min at 4˚C to collect the supernatant. The total protein concentration was detected using the bicinchoninic acid method (BCA) (Beyotime Institute of Biotechnology, Haimen, China). A total of 40 µg protein for each sample was uploaded and separated by SDS-PAGE, with a 5% stacking gel and 12% separating gel, and transferred to polyvinylidene fluoride membranes (EMD Millipore, Billerica, MA, USA). The membranes were then blocked with TBS containing 0.05% Tween-20 (TBST) and 5% non-fat milk for 1 h at room temperature. Polyclonal rabbit anti-β actin (dilution, 1:200), rabbit monoclonal anti-ARPC4 (dilution, 1:200), polyclonal rabbit anti-vimentin antibody (dilution, 1:200), rabbit polyclonal anti-E-cadherin antibody (dilution, 1:200) and PCNA rabbit polyclonal antibody (dilution, 1:200) antibodies were added to incubate at 4˚C overnight. Following washing three times for 10 min each with TBST, the membranes were incubated with horseradish peroxidase (HRP)-conjugated goat anti-rabbit (dilution, 1:5,000; cat no. A8275; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) and peroxidase-conjugated goat anti-rabbit (dilution, 1:5,000; cat no. A0418; Sigma-Aldrich; Merck KGaA), goat anti-rabbit IgG-HRP secondary antibody (dilution, 1:5,000; cat no. sc-2370; Santa Cruz Biotechnology, Inc.), goat anti-rabbit IgG-HRP secondary antibody (dilution, 1:5,000; cat no. sc-2030; Santa Cruz Biotechnology, Inc.) and chicken anti-rabbit IgG-HRP secondary antibody (dilution, 1:5,000; cat no. sc-2955; Santa Cruz Biotechnology, Inc.) for 1 h at room temperature. Subsequent to washing with TBST, the membranes were developed using an enhanced chemiluminescence western blot detection system (Merck KGaA). Quantity One 4.62 (Bio-Rad Laboratories, Inc., Hercules, CA, USA) and Image J software (version 2.1; National Institutes of Health, Bethesda, MD, USA) was used analyze the results and calculate the expression of ARPC4 and β-actin. β-actin was used as a reference protein.
ARPC4-siRNA transfection. Cells were seeded in 6-well plates (3.5x10 5 
cells per well). A negative control (NC)
group was transfected with non-silencing siRNA of the same length as ARPC4-siRNA. A null group was incubated under normal conditions (DMEM containing 10% FBS) without siRNA transfection. Transfection was conducted using Lipofectamine ® 2000 according to the manufacturer's protocol. The GenBank database (https://www.ncbi.nlm. nih.gov/genbank/) was used to select the RNA interference target area for the ARPC4 gene, which was used for the design and synthesis of the three siRNA sequences and the NC (Shanghai GenePharma Co., Ltd., Shanghai, China). The siRNAs were designated as siRNA496, siRNA538 and siRNA679, according to the corresponding target sequence cDNA-initiation site, and BLAST (https://blast.ncbi.nlm. nih.gov/) queries were conducted to rule out homology with other genes (Table I) .
Cell viability assays. Cells in the logarithmic growth phase immediately following transfection were seeded in 96-well plates (1x10 3 cells per well), with three wells allocated to each experimental group. The absorbance in each well was measured at 0, 1, 2, 3 and 4 days, using Cell Counting kit-8 (EnoGene Biotech Co., Ltd., Nanjing, China) according to the manufacturer's protocol. Absorbance was measured at 450 nm using a plate reader, and growth curves were generated from the resulting data.
Flow cytometry analysis of cell cycle distribution. A total of 48 h following transfection, cells from each experimental group were fixed overnight at 4˚C with cold 70% ethanol prior to being incubated with RNase A at 37˚C for 30 min. The cells were stained with propidium iodide for 30 min in the dark at room temperature, and cell cycle analysis was conducted using a FACSCanto II flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA) and ModFit LT software 4.1 (Verity Software House, Inc., Topsham, ME, USA).
Cell migration assays. Cell migration assays were performed using transwell chamber dishes (6.5 mm) with 8.0-µm pore polycarbonate membrane inserts (EDM Millipore, Billerica, MA, USA). Serum-free cell suspensions (200 µl, 10 5 cells) were seeded in the upper compartment, while 450 µl DMEM containing 30% FBS was placed in the lower chamber. The cells were incubated for 48 h. The upper membrane surface was wiped to remove cells, and the migrated cells on the lower surface were fixed with 4% methanol at room temperature for 30 min and stained with 0.1% (g/ml) crystal violet for 30 min at room temperature. Using a light microscope, cells in three random fields of vision (magnification, x400; DP-50; Olympus Corporation, Tokyo, Japan) were counted for each sample and means were reported.
Statistical analysis. Statistical analyses were performed using GraphPad Prism 5.0 (GraphPad Software, Inc., La Jolla, CA, USA) and SPSS 16.0 statistical software (SPSS, Inc., Chicago, IL, USA). All data are presented as the mean ± standard deviation from 3 independent experiments. Student's t-test was used when comparing between two groups and one-way analysis of variance with Tukey's post-hoc test was used when comparing more than two groups. P<0.05 was considered to indicate a statistically significant difference.
Results
Immunohistochemical analysis of ARPC4 expression in human carcinoma-associated antigen-containing tissues and adjacent non-tumour colorectal tissues. ARPC4 expression in colorectal carcinoma and normal colon tissues was assessed by immunohistochemistry. High levels of ARPC4 staining were observed in tumour tissues, whereas the normal tissues were negative for ARPC4 (Fig. 1) .
Analysis of ARPC4 expression in colorectal cancer cells by western blot.
Western blot results revealed that ARPC4 was expressed at high levels in SW620 and HT-29 cell lines relative to other cell lines (Fig. 2) , with the highest expression observed in SW620 cells (Fig. 2) . For this reason, the SW620 cell line was selected for subsequent experiments.
ARPC4-siRNA538 exhibited the strongest silencing effect.
Western blot analysis was carried out to determine which of the ARPC4-siRNAs yielded the most effective silencing. As presented in (Fig. 3) , siRNA538 resulted in the highest level of ARPC4 inhibition. and was, therefore, used in subsequent experiments. The inhibition rate was significantly decreased at all time points, but the optimal transfection time was 48 h. (Fig. 4) .
Effect of ARPC4 on viability. As determined from cell growth curves, cell viability rates did not differ significantly among the siRNA, NC, Lipo and Null groups (Fig. 5) (Fig. 6) . Differences in the G 0 /G 1 , S, and G 2 /M phase distributions between the groups were not statistically significant. Furthermore, PCNA expression, as determined by western blot, did not differ significantly between groups (Fig. 7) .
ARPC4 promotes SW620 cell migration.
To examine the effect of ARPC4 on SW620 cell migration, Transwell and western blot analyses were conducted. In the transwell assay, the number of migrated cells in siRNA group were significantly decreased compared with that observed in the NC group (transmembrane cell count, siRNA vs. NC: 20.4±1.14 vs. 60.6±2.07; P<0.05; Fig. 8 
Discussion
While high levels of ARPC4 expression have been identified in colorectal cancer tissues, the association between the ARPC4 gene and the occurrence and development of colorectal cancer
has not yet been elucidated (5). Therefore, the present study explored the underlying molecular mechanisms of the function of ARPC4 in the progression of colorectal cancer and revealed that ARPC4 may serve a crucial function in colorectal cancer cell migration.
The findings of the present study indicated that although ARPC4-siRNA538 transfection did not influence cell viability, the invasiveness of cells transfected with siRNA538 was significantly diminished. The actin cytoskeleton formed by monomeric globular actin serves an essential function in several cellular processes, including division, migration, adhesion, and endocytosis. A number of these functions involve contact with the plasma membrane to allow the actin network outside of the cell to respond to extracellular signals. The aforementioned processes result from actin cytoskeleton Figure 7 . Analysis of PCNA expression by western blotting subsequent to transfection with actin-related protein 2/3 complex subunit 4 siRNA. PCNA expression differences in siRNA and NC groups of SW620 cells after transfected 48 h were not statistically significant (ns vs. NC). PCNA, proliferating cell nuclear antigen; siRNA, small interfering target RNA; Null, control group; NC, nonspecific siRNA; ns, not significant. rearrangement, which involves numerous regulatory factors, including the ARP2/3 complex, which is an evolutionary conserved 220-kDa complex comprised of ARP2, ARP3, and five affiliated proteins (ARPC1-5) (6-10).
The ARP2/3 complex is an important component of the cytoskeleton that promotes the nucleation of new microfilaments and functions in the maintenance of cell shape, motility, and cytokinesis. ARPC4 and ARPC2 constitute the centre of the complex, whereas ARPC4 was previously demonstrated to serve an important function in the biological function of ARP2/3 in pancreatic cancer (11) (12) (13) (14) . ARPC4, the expression of which is abnormally high in colorectal cancer cell lines, regulates the actin nucleation process in cells, forms fusion proteins with the products of the downstream genes and influences the migration of pancreatic cancer cells (15, 16) .
PCNA is a 36 kDa protein that is only identified in the nuclei of normal proliferative and tumour cells. PCNA is associated with cell DNA synthesis and serves an important function in the initiation of cell proliferation (17) . Tumour cells exhibit strong proliferative activity; PCNA may be used as an evaluation index of the cell proliferation state. In order to further determine the influence of ARPC4 on SW620 colorectal cancer cell proliferation in the present study, the PCNA protein expression level was investigated; its expression was not significantly different between groups.
The expression of E-cadherin was markedly increased, whereas the expression of vimentin was decreased in ARPC4-silenced cells compared with the control cells. E-cadherin is considered to be a tumour invasion and metastasis suppressor gene, and belongs to the calcium-dependent cadherin family. The expression of E-cadherin, which maintains the stability of the connection between normal cells, is negatively correlated with the occurrence of the epithelial-mesenchymal transition (EMT) and tumourigenesis. E-cadherin is connected to the cytoskeleton by its interaction with catenin to inhibit the proliferation of tumour cells and the production of matrix metalloproteinases by the host cell (18) (19) (20) .
Additionally, E-cadherin prevents the degradation of various proteins of the matrix and basement membrane surrounding the tumour cells, thereby inhibiting tumour cell degradation of the matrix and basement membrane barriers (21) (22) (23) . Invasion of tumour cells is regulated by tumour-matrix interactions. Expression of the ARP2/3 complex is associated with stromal cells in colorectal cancer, and therefore ARP2/3 expression enhances the motility between stromal cells and tumour cells, thereby providing a more suitable environment for invasion by these two cell types (24) . Vimentin, however, is considered an interstitial cell marker, the expression of which correlates positively with the occurrence of EMT and with tumour oncogenesis. Vimentin is the dominant central fibre in mesenchymal cells and participates in the maintenance of cell integrity. Decreased E-cadherin expression is associated with elevated vimentin expression, and waveform protein expression may interfere with cell adhesion mediated by E-cadherin (25) (26) (27) . Therefore, the results of the present study suggested that ARPC4 may enhance the expression of vimentin, whereas it may inhibit the expression of E-cadherin, and that the expression of ARPC4 may therefore have decreased cell adhesion to promote migration in tumour cells, thus serving a function in tumour development. In summary, the use of RNA interference may effectively suppress human ARPC4 expression in colorectal cancer SW620 cells, thereby inhibiting cell migration. These results suggested that specific targeting of ARPC4 may represent a potential treatment for colorectal cancer. Although previous studies demonstrated that ARPC4 influences the migration of pancreatic and colorectal cancer cells (15, 16) , further experiments should be undertaken to define the function of ARPC4 during the initiation of colorectal cancer. Future research will include determination of the mechanism by which ARPC4 expression influences the biological behaviour of tumour cells. This information will enable the elucidation of novel targets for the treatment of colorectal cancer.
